libman alcohol dehydrogenase (ADH; alcohol:NAD+ oxidoreductase, EC 1.1.1.1) occurs in multiple forms, which exhibit distinct electrophoretic mobilities and enzymatic properties. The homogeneous isoenzymes I3P, and y1yi were isolated from livers of Caucasians with "tyrpical" ADH phenotype by double ternary complex affinity chromatography and ion exchange chromatography. The differences between the PI and Vi subunits were determined by structural analysis of all tryptic peptides from the carboxymethylated proteins. The human f3I and Vi chains differ at 21 of the 373 positions (5.6%). Ten tryptic peptides account for the differences. All residue substitutions are compatible with one-base mutations and result in largely unaltered properties, but five lead to charge differences. Sixteen substitutions are at positions corresponding to the catalytic domain of the well-known horse enzyme; five correspond to the coepzyme-binding domain. Substitutions adjacent to important regions may correlate with differences in coenzyme binding, substrate specificities, and active-site relationships. The residue replacements between the PI and yV subunits of human ADH are not identical to the known substitutions between ethanol-active (E) and steroid-active (S) subunits of horse ADH. Thus, the duplication leading to human pi and yi subunits is separate and different from that leading to equine E and S subunits. Both duplications are likely to have occurred after the ancestral separation of human and equine ADH. Of the 21 residues that are different between P1I/ yi, 13 in y'but only 6 in flu are identical to those of the horse E chain. This suggests a closer relationship between yV and E, although .81 in mah and E in the horse are the subunits recovered in highest yield from liver ADH preparations. Consequently, in these two mammalian species, relative activities of genes for an isoenzyme family appear to be different.
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Human and horse alcohol dehydrogenases (ADH; alcohol:
NAD' oxidoreductase, EC 1.1.1.1) are structurally closely related and both exhibit multiple isoenzymes, which can be differentiated by their electrophoretic mobilities (1) . Two polypeptide chains of the horse liver enzyme, E and S (ethanol-active and steroid-active, respectively), combine randomly to form the homodimeric isoenzymes, EE and SS (with EE apparently the most abundant form), as well as the heterodimeric form, ES (2, 3) . The human liver ADH isoenzyme pattern is more complex. At least three gene loci, ADH!, ADH2, and ADH3, code for the polypeptide chains a, (i, and y, respectively (4-7), with apparent amounts in the liver in the order ( > y > a. Allelic forms at both the ADH2 and ADH3 loci code for fB (typical) and (2 (atypical; see ref.
8) chains, and for yV and 'y chains, respectively. Atypical 02-subunits have been differently reported from livers of Caucasians and Asians (12-lern and f2-Oriental) (9, 10) , but both of these 2 types are now known to be structurally identical (11, 12) , differing from typical (1 subunits by a single His/Arg exchange at position 47. Another type of ADH, ADHIndianapolis, is probably derived from a further variant of the ADH2 locus (13) . Finally, two additional gene loci are likely to code for the more different ir-and X-isoenzymes (14) (15) (16) .
Horse liver ADH has been studied most extensively, but much less is known of the human enzyme, in part because of its complicated isoenzyme pattern that initially rendered the purification of homogeneous forms of its isoenzymes difficult. Introduction of double ternary complex affinity chromatography (17) has greatly simplified this problem. Thus, the cathodic, pyrazole-sensitive human alcohol dehydrogenase forms can then be isolated free of contaminating proteins in an isoenzyme mixture composed of products from the ADH!, ADH2, and ADH3 loci (18) . Subsequent CM-cellulose ion-exchange chromatography separates the isoenzyme mixture into its individual forms. It now is possible to obtain homogeneous human ADH-isoenzymes of known subunit composition in quantities sufficient for further characterization (16, 20, 21) .
The enzymatic properties of the various isoenzymes differ. The well-known horse liver isoenzymes EE (for the dimer of ethanol-active subunits) and SS (for steroid-active subunits) exhibit differences in substrate specificity (1) that do not correspond to those among the rat or human ADH isoenzymes (22) . However, the human isoenzymes also have characteristic physical and functional properties that allow for differentiation. Thus, ,81(31 is less stable in vitro than ylyi. These isoenzymes also differ in relation to chloral hydrate reduction, n-pentanol oxidation, and inhibition by isobutyramide (6) . The activity toward benzyl alcohol is particularly striking; ythy oxidizes benzyl alcohol rapidly, while (31i(1 is almost inactive with this substrate (16, 20) . Furthermore, vyly also oxidizes ethanol much better than 831if3 (16, 19, 20) .
Characterization of the structural differences may provide correlations with the functional properties. Also, the relationships among the various ADH isoenzymes in different species could illustrate isoenzyme developments, genetic organization, and differential gene activations. Thus, recent studies of the (2 atypical human ADH variant and compariAbbreviation: ADH, alcohol dehydrogenase.
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son with the corresponding yeast ADH counterparts have provided structural explanations for the functional differences and have also illustrated the presence of parallel mutational exchanges (11) .
We now describe differences in the amino acid sequence of human ADH 3 and y polypeptides coded by the ADH2 and ADH3 loci of Caucasian livers with normal phenotype. These differences are then compared with those known for other ADH isoenzymes in horse (23) , yeast (24) , and man (25) . The results show that human PI and yi ADH chains differ in another way than the horse E and S ADH chains.
Evolutionarily, the human y' chain is closely related to the horse E chain, whereas the human pi and horse S chains appear to have evolved differently. Thus, subunits PI in man and E in horse are structurally nonequivalent, suggesting that the predominant polypeptide of liver ADH corresponds to different gene products in these species.
MATERIALS AND METHODS
Purification of Human Liver ADH Isoenzymes. Caucasian human livers were obtained at autopsy, frozen 10-20 hr after death, and stored at -20'C. The mixtures of the pyrazolesensitive class I ADH isoenzymes (26) were isolated by means of a minor modification of the affinity-chromatography method described (18) . Crude ADH derived from livers was loaded on a CapGapp-Sepharose column (3 x 35 cm) in 50 mM sodium phosphate, pH 8/0.37 mM NAD. The column was washed with this buffer, after which the ADH was eluted with 50 mM sodium phosphate, pH 7.5/500 mM ethanol. Homogeneous isoenzymes were isolated by subsequent ionexchange chromatography on CM-cellulose CM-52 in 50 mM Tris HCl (pH 9). The isoenzymes were eluted from the gel with a linear gradient of 0-50 mM NaCl in 50 mM Tris HCl (pH 9) (20) .
Purity of the isoenzymes was tested by NaDodSO4 slab gel electrophoresis in 12% polyacrylamide (27) and by starch gel electrophoresis at pH 7.7 (4). Isoenzymes were identified by their mobilities on starch gel electrophoresis (4). Their subunit composition was verified by monomerization and hybridization with the horse liver ADH isoenzyme EE, followed by starch gel electrophoresis (20) .
Structure Determination. After CM-cellulose chromatography, pools containing the homodimeric isoenzymes /31,31
and ViYi were dialyzed extensively against distilled water and then lyophilized. The material was dissolved in 6 M guanidinium hydrochloride, reduced, and carboxymethylated with iodo[2-14C]acetate (25) . The labeled proteins were then fragmented with trypsin in 0.1 M ammonium bicarbonate (protein concentration, 3 mg/ml; trypsin:protein, 1:100; 370C for 4 hr). The fragments were separated into groups by exclusion chromatography on Sephadex G-50 in 0.1 M ammonium bicarbonate and purified further by reversed-phase high-performance liquid chromatography (28) . The isolated fragments were checked for purity by analysis of total compositions and end groups. Manual sequence degradations were performed by the DABITC method (29) using by-products to assist the identifications (30) . Some peptides were degraded by the dansyl-Edman method, using polyamide thin-layer chromatography for identification (31, 32) . Liquidphase sequencer degradations were carried out in a Beckman 890C sequencer, modified with a cold trap, new valves, and a conversion cell (33), using glyrine-precycled Polybrene and a 0.1 M Quadrol peptide program (34) . (Fig. 1 A and B (Fig. 1 A and B ) and in the pattern from' high-performance liquid chromatography ( Fig. 1 C and D) corresponds to a Tyr/His exchange at position 34 (see below). lyzed; E and S are the two equine protein chains (23) . Empty positions in the S column denote those positions not reported for the SS isoenzyme but are derived from peptides with unaltered properties in a fingerprinting system (23) and, therefore, probably represent no or minor E/S differences. ND denotes positions in larger peptides that were not analyzed. Positional numbers refer to the primary structure of the horse E chain and correspond to the numbers in the human A3 chains except for a one-residue shift because of a gap at position 128 in man versus horse (35 Considering the residues exchanged, not just the positions, it is obvious that the human y' subunit and the horse E subunit are the ones most closely related, suggesting that they have the most direct relationship to the ancestor. Therefore, the 81 and S chains appear to be the ones that are evolutionarily "new." The relationships are summarized in Fig. 2 .
Finally, it is of particular interest that the liver ADH forms that predominate in horse and man are not equivalent (although relative subunit abundance is difficult to estimate). Thus, the E chain of horse ADH is both abundant in liver and closely related to the ancestral form. In man, however, P1 is recovered in larger amounts than yi from liver ADH preparations, but it is not the subunit most closely related to the ancestral form. Thus, in these two mammalian species, the relative activities of genes for one isoenzyme family appear to differ.
